We have studied the effect of 8-bromo-cyclic GMP (8-Br-cGMP) on cloned cardiac L-type calcium channel currents to determine the site and mechanism of action underlying the functional effect. Rabbit cardiac ␣ 1C subunit, in the presence or absence of ␤ 1 subunit (rabbit skeletal muscle) or ␤ 2 subunit (rat cardiac/brain), was expressed in Xenopus oocytes, and two-electrode voltage-clamp recordings were made 2 or 3 days later. Application of 8-Br-cGMP caused decreases in calcium channel currents in cells expressing the ␣ 1C subunit, whether or not a ␤ subunit was co-expressed. No inhibition of currents by 8-Br-cGMP was observed in the presence of the protein kinase G inhibitor KT5823. Substitutions of serine residues by alanine were made at residues Ser 533 and Ser 1371 on the ␣ 1C subunit. As for wild type, the mutant S1371A exhibited inhibition of calcium channel currents by 8-Br-cGMP, whereas no effect of 8-Br-cGMP was observed for mutant S533A. Inhibition of calcium currents by 8-Br-cGMP was also observed in the additional presence of the ␣ 2 ␦ subunit for wild type channels but not for the mutant S533A. These results indicate that cGMP causes inhibition of L-type calcium channel currents by phosphorylation of the ␣ 1C subunit at position Ser 533 via the action of protein kinase G.
Voltage-dependent calcium channels play important roles in cell function, including for example the coupling of excitation to release of neurotransmitters and hormones, and also play an important role in the cardiac action potential. The dihydropyridine-sensitive L-type Ca 2ϩ channels in cardiac cells provide a major pathway for entry of extracellular Ca 2ϩ into the cytoplasm (1) . The cardiac L-type Ca 2ϩ channel molecule consists of three subunits, the channel pore-forming ␣ 1 subunit, an intracellular ␤ subunit, and the largely extracellular ␣ 2 /␦ subunit (2-7). Similar L-type Ca 2ϩ channels are also expressed in smooth muscle and neuronal cells (8, 9) . The ␣ 1 subunit contains four domains denoted I-IV, with N and C termini located in the cytoplasm (see Fig. 4A ), as is also the case for sodium and potassium channels (the latter having four subunits) (10) . Each domain is composed of six hydrophobic segments, S1-S6, which span the plasma membrane. Owing to the unique presence of positively charged residues (arginine or lysine) at every three or four residues, the S4 segment has been recognized as the voltage sensor (10 -13) . The P region connecting the S5 and S6 segments forms the external mouth of the channel pore, where a ring of four negatively charged glutamate residues contributes to the Ca 2ϩ selectivity of the channel (14 -16) . Functional expression studies have demonstrated that the ␣ 1 subunit has the ability to constitute a voltage-dependent Ca 2ϩ channel on its own. However, the ancillary subunits, in particular the ␤ subunit, are essential to form fully functioning channels (2, 4, (17) (18) (19) . The precise structural domains responsible for the interaction between the ␣ 1 subunit and the ␤ subunit have been defined; the interaction domain on the ␣ 1 subunit has been identified on the cytoplasmic loop connecting domains I and II (20, 21 ) (see Fig. 4A ), whereas the complementary interaction region is located on a conserved domain of the ␤ subunit (22) .
Second messenger-activated protein kinase phosphorylation has been well documented to be a crucial physiological regulation mechanism of cardiac L-type Ca 2ϩ channels (6, 9, 23, 24) . For instance, the N-terminal region of the rabbit ␣ 1C subunit has been identified as being important for the ability of protein kinase C (PKC) 1 to regulate Ca 2ϩ channel currents (25) , whereas phosphorylation of the C-terminal region by cAMP-dependent kinase (PKA) has been demonstrated to increase Ca 2ϩ channel currents (26 -28) . Cyclic GMP is recognized as being an important second messenger in native cells (29) , leading to inhibition of calcium currents via activation of protein kinase G. However, the mechanism of action of PKG on calcium channels has not previously been studied at the molecular/structural level.
Regulation by cGMP is an important mechanism, especially because of the key role of nitric oxide in activating guanylate cyclase (30) . For instance, nitric oxide donors cause vasodilatation in vascular smooth muscle, and this may occur in part by a decrease in L-type calcium channel currents, which is known to occur via the activation of cGMP-dependent protein kinase (9, 24) . A similar mechanism is found in cardiac muscle, where phosphorylation by PKG again decreases calcium channel currents (31, 32) , and this could explain the negative inotropic effects of nitric oxide on the heart. Kinetic analysis of the effect of cGMP on single Ca 2ϩ channel activity in patch-clamped cardiac cells indicates that cGMP-induced activation of PKG prolongs the closed time with no effect on open time and single channel conductance (33) . Although it therefore seems clear that PKG can inhibit calcium channel currents, the situation is complicated because, in some (but not all) cell preparations, the PKG-mediated effect may only be observable after PKA activation by cAMP; under basal conditions, activation of PKG may have no detectable effect upon Ca 2ϩ channel currents (34, 35) . To complicate matters further, there is also evidence that the inhibitory effects of cGMP on frog cardiac L-type Ca 2ϩ channel currents may be mediated by cGMP-stimulated phosphodies-terase activity rather than activation of PKG. This mechanism may involve the breakdown of intracellular cAMP by the phosphodiesterase, which then results in the subsequent reduction in the PKA-mediated phosphorylation of the Ca 2ϩ channels and consequent reduction in currents (36, 37) .
Although there is therefore much evidence for an important role for cGMP/PKG in the regulation of cardiac L-type channels, the site of phosphorylation remains to be determined. For instance the effect may not be mediated by direct phosphorylation of the channel. Alternatively, if the channel itself is phosphorylated, it is not known which subunit, or indeed which residue, is phosphorylated. There is some evidence that the ␣ 1 and ␤ subunits can be phosphorylated in vitro by protein kinase G (8, 38) . However, there is still no direct evidence that functional effects accompany any such phosphorylation. Here, we have attempted to gain a better understanding of the mechanism involved in the cGMP-mediated inhibition of the cardiac L-type Ca 2ϩ channel currents. By expressing cloned rabbit calcium channels in Xenopus oocytes, we have investigated the molecular/structural basis of the functional effect of cGMP; in particular, direct effects on the channel, the subunit concerned, and the residue phosphorylated have been studied.
EXPERIMENTAL PROCEDURES
Mutagenesis and cRNA Preparation-cDNA clones for rabbit cardiac L-type Ca 2ϩ channel ␣ 1C subunit (2), rabbit skeletal muscle ␤ 1a subunit (39), rat cardiac/brain ␤ 2a subunit (3) , and rabbit skeletal muscle ␣ 2 /␦-1 subunit (40) were used in this study. The cDNA encoding the rabbit ␣ 1C subunit was subcloned into pcDNA3 (Invitrogen) between the HindIII and KpnI restriction sites in the vector multiple cloning sequence (the first nonessential 171 bases of the 5Ј-untranslated region of the ␣ 1C cDNA were deleted, as was a short fragment containing an unwanted EcoRI site between Asp718 and XbaI within the multiple cloning region of the vector). This construct was then used as the template for PCR mutagenesis of S533A and S1371A using the method of Sarkar and Sommer (41) . PCR was carried out using Deep Vent polymerase (New England Biolab) for 30 cycles (40 s at 95°C, 1 min at 60 -64°C, and at a 1 kb/min extension rate at 72°C).
To make mutant S533A, first round PCR was carried out using a forward mutagenic primer (5Ј-AGT CGA AAT TCG CCC GCT ACT GGC) and a reverse primer (5Ј-CAC GGC CTT CTC CTT AAG GTG) to produce a 1.1-kb product. Second round PCR was then undertaken using a forward primer (5Ј-TCT ACA TCT CTC CTG GAG GTT C) and the 1.1-kb first round PCR product as the reverse "megaprimer" to produce a 2.6-kb product. This 2.6-kb product was then digested with restriction endonucleases ClaI and EcoRI to produce a ϳ2.0-kb fragment. The wild type ␣ 1C cDNA was similarly digested with ClaI and EcoRI, and the mutagenic 2-kb fragment was then ligated into the ␣ 1C cDNA.
For mutant S1371A, PCR mutagenesis was carried out similarly. First round PCR was undertaken using a forward mutagenic primer (5Ј-CAA GCT GCT GGC CCG CGG GGA G-3Ј) and reverse primer (5Ј-GCC GGA GGA GGG TCA CCA CA-3Ј), again using the wild type ␣ 1C -pcDNA3 template to synthesize a first round product of ϳ0.6 kb. Second round PCR was undertaken with a forward primer (5Ј-TCC ATT ACA GCT GAT GGA GAG T) and the 0.6-kb product as the reverse megaprimer. The 2.1-kb PCR product synthesized was digested with AflII and BstEII to produce a 1.9-kb fragment. The wild type ␣ 1C cDNA was similarly digested with AflII and BstEII, and the mutagenic fragment was then ligated into the ␣ 1C cDNA. The introduced mutations were both sequenced and verified; the S1371A mutant also had an additional mutation G1375A outside the consensus phosphorylation sequence (see Fig. 4 ).
For making RNA, the cDNAs for ␣ 1C (in pcDNA3) and ␤ 1 (in pSPORTS2) were first linearized by Asp718 and SalI, respectively, and ␤ 2 (in pBluescript or pcDNA3) and ␣ 2 ␦-1 (in pcDNA3) were linearized by NotI. Capped cRNAs were synthesized in vitro under T7 polymerase using MEGAscript (Ambion). The RNA concentration was estimated using a formaldehyde gel, comparing with standard markers.
Xenopus Oocyte Culture and cRNA Microinjection-The preparation of oocytes from Xenopus laevis frogs, microinjection of RNA, and maintenance of injected oocytes have been detailed elsewhere (42 2 , 50 mM NaOH, 2 mM KOH, and 5 mM HEPES, pH 7.4, with methanesulfonic acid (22-25°C). The calcium channel currents using Ba 2ϩ as charge carrier were measured with the two-electrode voltage clamp using the Geneclamp500 amplifier (Axon Instruments) as described previously (42) . Currents were filtered at 2 kHz and sampled at 4 kHz by using a CED1401Plus interface with CED data acquisition software. The membrane potential of oocytes was held at Ϫ80 mV. To construct the current-voltage relationships, Ba 2ϩ currents were elicited by a series of 200-ms depolarizing pulses every 10 s, from Ϫ70 mV to ϩ60 mV in 10-mV increments, followed by 20 200-ms hyperpolarizing pulses every 2 s stepping to Ϫ90 mV for subsequent leak and capacitative current subtractions. In experiments investigating the effects of 8-bromo-cyclic GMP (Sigma) or KT5823 (Calbiochem), 200-ms depolarizing pulses to ϩ10 mV were applied every 30 s (or exceptionally where stated every 10 s) from the holding potential of Ϫ80 mV; the agents were then applied by continuous superfusion while repetitively stimulating. In some experiments, the oocytes were perfused first with KT5823 for 15-20 min before application of 8-Br-cGMP as above. 8-Br-cGMP was directly dissolved in the bathing solution prior to use, whereas KT5823 was diluted from 1 mM stock in Me 2 SO to the specified final concentration (final concentration of Me 2 SO was always less than 0.1% v/v). Experiments using 8-Br-cGMP were carried out in a darkened room to prevent breakdown. All data were presented as the means Ϯ S.E. unless otherwise stated. Comparisons between means were made using the Student's t test, with a significance level at p Ͻ 0.05.
COS Cell Culture and Transfection with Calcium Channel Subunits-COS-1 cells were grown in Dulbecco's modified Eagle's medium containing 10% (v/v) fetal bovine serum, 100 units/ml penicillin, 100 g/ml streptomycin, and 4 mM glutamine and maintained in a 5% CO 2 atmosphere at 37°C prior to their use. COS cells were transfected using the Lipofectin (Life Technologies, Inc.) transfection procedure. For this, cells were seeded to a confluency of ϳ20% 24 h prior to transfection. For each plate of cells, cDNA (5 g of ␣ 1C and 5 g of ␤ 2 ) was diluted in 2 ml of OPTI-MEM medium and then mixed by agitation for 15 min with 25 g of Lipofectin also suspended in 2 ml of OPTI-MEM medium. Cells were washed twice with OPTI-MEM medium and then incubated at 37°C in 5% CO 2 with the DNA-Lipofectin mix for 12 h. Culture medium was then replaced with Dulbecco's modified Eagle's medium containing 10% fetal bovine serum, and cells were allowed to recover for a further 48 h prior to their use.
Preparation of Antibody against the ␣ 1C Subunit-Rabbit polyclonal antibody against an ␣ 1C subunit fragment (comprising IIS6 and the II/III linker) was prepared as follows. A GST-␣ 1C fusion protein was made by subcloning the cDNA encoding amino acids Asn (between EcoRI and AflII sites) of the rabbit ␣ 1C subunit into the pGEX-3X vector at the SmaI site of the vector multiple cloning sequence. The construct was expressed in E. coli and purified by batch adsorption to glutathione-agarose beads, and the eluted fusion protein was used to immunize rabbits. Anti-GST antibody was removed from the rabbit serum by adsorption to GST on nitrocellulose and checked by Western blotting.
Immunoprecipitation and Western Blot Detection of the ␣ 1C Subunit-Transfected COS cells expressing the ␣ 1C and ␤ 2 subunits were lysed by homogenization at 4°C in 1 ml of RIPA lysis buffer containing 10 mM Tris, 1 mM EDTA, 1% (v/v) Nonidet P-40, 0.5% (w/v) sodium deoxycholate, 1 mM phenylmethylsulfonyl fluoride, and 0.1% (w/v) SDS, pH 7.5. This was then incubated for 1 h at 4°C with anti-␣ 1c serum (10 l) conjugated to protein A-Sepharose. The antibody-protein complexes were then collected by centrifugation at 16,000 ϫ g and washed three times with RIPA buffer. Immunoprecipitated proteins were resolved using SDS-polyacrylamide gel electrophoresis and Western transferred onto nitrocellulose filters. Filters were probed with anti-␣ 1c antibody (1:1000 dilution) and detected with anti-rabbit horseradish peroxidase antibody followed by ECL.
32
P Metabolic Labeling of Oocytes-Oocytes were injected with cRNA, and the expression of Ca 2ϩ channels was confirmed in samples taken from each batch using electrophysiological recording prior to their use in labeling experiments. Batches of 50 oocytes were pooled and incu-bated for 3 h at 25°C with [ 32 P]inorganic phosphate (1 mCi/5 ml) in modified Barth's solution. After incubation, oocytes were washed twice and resuspended in fresh Barth's solution and then reincubated in the dark in the presence or absence of 8-Br-cGMP (1 mM) for 20 min. Oocytes were then washed twice with fresh Barth's solution and then resuspended in RIPA lysis buffer. The lysed oocytes were subjected to preclearing by incubation for 1 h at 4°C with preimmune rabbit serum that had been preconjugated to protein A-Sepharose, followed by separation by centrifugation. Lysates were precleared three times prior to immunoprecipitation with the anti-␣ 1C subunit antibody as described above for COS cells.
RESULTS

Characterization of Wild Type Ca
2ϩ Channels Expressed in Xenopus Oocytes-Before studying the effects of cGMP, the characteristics of the wild type channels expressed in oocytes were determined. Inward currents were observed for oocytes injected with ␣ 1C subunit alone or in combination with either ␤ 1 or ␤ 2 subunit. It can be seen ( Fig. 1 ) that currents were small for the ␣ 1C subunit, whereas the additional presence of either ␤ 1 or ␤ 2 subunit produced larger inward currents, which shifted the I-V curve to the left. The presence of the ␤ subunits led to faster activation and to some inactivation in the case of ␤ 1 (but hardly any inactivation for ␤ 2 ) (Fig. 1) . The sensitivity of the expressed calcium channel currents to dihydropyridines was checked using the agonist BAY K8644 for oocytes injected with ␣ 1C ␤ 2 subunits. It can be seen from Fig. 1E that BAY K8644 gave the expected increase in current and shift to the left of the I-V curve. In uninjected oocytes there were no appreciable inward currents. In summary, the data reported in this section indicate that the injected ␣ 1C and ␤ subunits behaved in our hands in a similar manner to previous reports (3, 4, 17) , constituting an L-type calcium channel with expected voltage dependence and kinetics.
Effects of 8-Br-cGMP on Wild type Ca 2ϩ Channel Currents-To study the effects of phosphorylation by protein kinase G, the membrane-permeable cGMP analogue, 8-Br-cGMP, was applied by perfusion in the bath. The roles of the different subunits in phosphorylation were examined by applying this reagent to oocytes expressing either ␣ 1C subunit alone or in combination with ␤ 1 or ␤ 2 subunits.
During repetitive depolarizations to ϩ10 mV from a holding potential of Ϫ80 mV, oocytes were continuously perfused with 8-Br-cGMP. For oocytes expressing the ␣ 1C subunit alone, there was a reduction in calcium channel currents by 8-BrcGMP ( Fig. 2A) . Reductions in calcium channel currents were also observed when 8-Br-cGMP was applied in the same manner to oocytes expressing either ␣ 1C ␤ 1 subunits or ␣ 1C ␤ 2 subunits (Fig. 2, B and C) . The extent of reduction in currents produced by 8-Br-cGMP was similar for both ␣ 1C ␤ 1 and ␣ 1C ␤ 2 combinations. The effect seemed to be greater in the case of ␣ 1C subunit alone, but this did not attain statistical significance. Example currents are also displayed in Fig. 2 (insets) , which show that there were no obvious effects of 8-Br-cGMP on the activation and inactivation kinetics of the Ca 2ϩ channel currents.
Further experiments were carried out to investigate whether the above effects are indeed caused via the activation of protein kinase G or by some other mechanism (such as direct 8-BrcGMP action). For this, oocytes expressing ␣ 1C ␤ 2 subunits
FIG. 1. Properties of wild type Ca
2؉ channel subunits expressed in oocytes. A-C, example currents are shown for recordings from oocytes expressing ␣ 1C subunit alone, ␣ 1C ␤ 1 subunits, and ␣ 1C ␤ 2 subunits, respectively. Currents were elicited by the depolarizing steps to the indicated potentials from a holding potential of Ϫ80 mV. Oocytes were injected with cRNA for ␣ 1C subunit alone or in combination with ␤ 1 or ␤ 2 subunit, and the recordings were made 2-3 days post injection using 40 mM Ba 2ϩ as charge carrier. D, the I-V curves for peak current amplitudes are shown for calcium channel currents for the ␣ 1C subunit alone (f, n ϭ 8), ␣ 1C ␤ 1 subunits (, n ϭ 6), and ␣ 1C ␤ 2 subunit (OE, n ϭ 17). The I-V curve for the endogenous Ca 2ϩ channels in uninjected oocytes (q, n ϭ 18) is also shown. E, the I-V curves for peak current amplitudes are shown for calcium channel currents for ␣ 1C ␤ 2 subunits before (OE) and 5 min after application of BayK 8644 (1 M) (ࡗ, n ϭ 7). Currents elicited at each test potential were normalized to the value obtained at ϩ10 mV before application of BayK8644 for each cell. The mean Ϯ S.E. averaged over the cells is shown throughout, in this and subsequent figures.
were pretreated with the protein kinase G inhibitor, KT5823 (43) . Fig. 3A shows that the inhibitor alone had no effect on calcium channel currents, but, as can be seen from Fig. 3B , the reduction in current by 8-Br-cGMP was essentially abolished by previous incubation with the inhibitor, KT5823. The I-V curves shown in Fig. 3C have been normalized at ϩ10 mV and show that neither 8-Br-cGMP nor the inhibitor had an effect on the voltage dependence of the calcium channel currents. In summary, the results in this section indicate that 8-Br-cGMP caused reductions in wild type calcium channel currents whether or not a ␤ subunit was present and that the effect is indeed due to modulation by protein kinase G.
Effect of Point Mutations at Consensus Phosphorylation Sites of the ␣ 1C Subunit-Because the data so far described suggest a role for the ␣ 1C subunit in phosphorylation mediated by protein kinase G, we have therefore analyzed the amino acid sequence of the ␣ 1C subunit for potential PKG consensus sequences. Based on previously recognized PKG consensus sequences (44) together with a basic arginine residue downstream (45), two potential PKG phosphorylation sites were identified at serine 533 and serine 1371 of the rabbit ␣ 1C subunit used in the present studies (Fig. 4) . Each of these serines was mutated to alanine (which introduces only a substitution of -OH by -H), and the effect of these mutations on the regulation of the Ca 2ϩ channel by 8-Br-cGMP was investigated. The S1371A/G1375A mutant ␣ 1C subunit was first investigated and coexpressed with the ␤ 2 subunit in oocytes. Channel currents for this mutant were similar in magnitude (data not shown) and exhibited similar voltage dependence to wild type currents (normalized I-V curves shown in Fig. 5B) . Perfusion of the cells with 8-Br-cGMP resulted in a significant reduction (p Ͻ 0.05) of Ca 2ϩ channel currents (Fig. 5A) , as for wild type. Normalized I-V curves showed that this effect was voltageindependent ( Fig. 5C ), also as for wild type. Again, pretreatment of cells with the PKG inhibitor KT5823 reduced the effect of 8-Br-cGMP (Fig. 5B ). Clearly these experiments show that mutation of serine 1371 (and glycine 1375) are not concerned with functional effects of phosphorylation by protein kinase G.
The mutant S533A ␣ 1C subunit was also co-expressed with the ␤ 2 subunit in oocytes. Again the calcium channel currents were similar in magnitude (data not shown) and voltage dependence (normalized I-V curve, Fig. 6B ). However, as can be seen from Fig. 6A, 8 -Br-cGMP perfusion on oocytes expressing this mutant did not inhibit the Ca 2ϩ channel currents (Fig. 6A) . Furthermore, the I-V curves for mutant currents before and after 8-Br-cGMP treatment were not significantly different (Fig. 6B) . The results for this mutant indicate that (in contrast to residue Ser 1371 ) residue Ser 533 on the ␣ 1C subunit is essential for cGMP-induced regulation of calcium channel currents via phosphorylation by protein kinase G.
Effects of Other Subunits on the 8-Br-cGMP-dependent Channel Activity-All the previous recordings were made in the absence of the ␣ 2 ␦ subunit to eliminate any complications from the latter subunit. However, to investigate a more "native" subunit combination, experiments were repeated in the presence of the ␣ 2 ␦ subunit. Fig. 7 (A and B) shows the effect of application of 8-Br-cGMP to oocytes expressing ␣ 1C , ␤ 2 , and ␣ 2 ␦ subunits. For wild type currents, inhibition by 8-Br-cGMP was observed, whereas there was no inhibition for the S533A mutant (Fig. 7A) . Normalized I-V curves for wild type currents showed that there was no effect of 8-Br-cGMP on the voltage dependence of the inhibition (Fig. 7B) . These results are simi- channel currents. A, calcium channel currents were recorded during repetitive stimulation by depolarizing pulses (every 10 s) to ϩ10 mV from a holding potential of Ϫ80 mV for oocytes injected with ␣ 1C subunit alone and perfused in the presence (f, initial current ϭ Ϫ0.026 Ϯ 0.014 A, n ϭ 5) or absence (Ⅺ, n ϭ 5) of 8-Br-cGMP (1 mM). For each oocyte, the peak current amplitudes were averaged over 1-min periods and then normalized to the value obtained for the first minute of the recording. Currents were significantly reduced (p Ͻ 0.05, t Ͼ 6 min) by 8-Br-cGMP as compared with untreated control, but the reduction was not statistically significant when compared with the initial size of the currents. Example currents before and 15 min after application of 8-Br-cGMP are shown in the inset. B, this figure shows calcium channel currents obtained as in A above using ␣ 1C ␤ 2 subunits, in the presence (, initial current -0.144 Ϯ 0.031 A, n ϭ 5) or absence (ƒ, n ϭ 4) of 8-Br-cGMP (1 mM). Currents were significantly decreased by 8-BrcGMP (p Ͻ 0.05, t Ͼ 7 min)) when compared with untreated controls or with initial current values. Currents in the presence of 8-Br-cGMP for the ␣ 1C ␤ 2 subunit shown here were not significantly different from those shown in A for the ␣ 1C subunit alone. C, this figure shows calcium channel currents obtained as in A above using ␣ 1C ␤ 1 subunits, in the presence (OE, initial current -0.293 Ϯ 0.084 A, n ϭ 4) or absence (‚, n ϭ 7) of 8-Br-cGMP (1 mM). Currents were significantly decreased by 8-Br-cGMP (p Ͻ 0.05, t Ͼ 7 min) when compared with untreated controls or with initial current values. Currents in the presence of 8-lar to those obtained in the absence of the ␣ 2 ␦ subunit, except that initial currents were several times larger in the presence of the ␣ 2 ␦ subunit (see figure legends for detailed current magnitude measurements), even though less ␣ 1C subunit was injected into the oocytes (see "Experimental Procedures").
Another subunit that might complicate the interpretation of our results is the endogenous ␣ 1 subunit found in oocytes. It is known that expressed ␤ subunit can combine with endogenous ␣ 1 subunits in oocytes to produce calcium channel currents (46) , and this could in principle contribute to the inhibition observed with 8-Br-cGMP. When the ␤ 2 subunit alone was injected into oocytes, there was indeed a small measurable calcium current (Ϫ0.084 Ϯ 0.012 A, n ϭ 3). However, this current was not sensitive to 8-Br-cGMP (Fig. 7C) , showing that the effects of 8-Br-cGMP observed in this study for injected cells are not due to effects on such endogenous currents.
Studies Using 32 P Labeling to Assess Phosphorylation of the ␣ 1C Subunit-The above studies, which examine effects on function, have strongly indicated that phosphorylation of the ␣ 1C subunit by PKG is the mechanism of action of 8-Br-cGMP. Here we have attempted to evaluate directly the effect of 8-BrcGMP on the phosphorylation state using 32 P labeling. For this, we raised a polyclonal antibody against the ␣ 1C subunit and used it as a tool to detect 32 P-labeled subunit before and after treatment with 8-Br-cGMP.
The specificity of the antibody was tested by transiently expressing the ␣ 1C subunit in COS cells, followed by immuno- To test the action of KT5823 (1 M), this inhibitor was applied 15 min previous to, as well as during, the application of 8-Br-cGMP (1 mM) (ࡗ, initial current ϭ Ϫ0.32 Ϯ 0.10 A, n ϭ 6). The inhibitor blocked the effect of 8-Br-cGMP (significant differences between the points of the two curves shown, t Ͼ 10 min, p Ͻ 0.05), and indeed in the presence of the inhibitor, 8-Br-cGMP showed no significant reduction in currents. In the absence of the inhibitor, 8-Br-cGMP caused a significant reduction (p Ͻ 0.05, t Ͼ 10 min) in currents as compared with initial values. C, this shows I-V curves for calcium channel currents for ␣ 1C ␤ 2 subunits before application of reagents (‚, n ϭ 12), 15 min after KT5823 (3 M) alone (ƒ, n ϭ 3), 10 min after 8-Br-cGMP (1 mM) with (ࡗ, n ϭ 6) or without (छ, n ϭ 5) pretreatment with KT5823 (1 M). Currents at each test potential were normalized to the value obtained at ϩ10 mV. There were no significant differences between any of the corresponding points on the I-V curves. precipitation and Western blot detection of this protein by the antibody. COS cells were used rather than oocytes because of the low levels of expression in oocytes. As can be seen (Fig. 8A) , the antibody immunoprecipitated and detected a specific band corresponding to the size expected for the ␣ 1C subunit protein (lane 1) that is absent for the vector control-transfected cells (lane 2). Thus the antibody is a useful tool for the next stage of the investigation, which involved the isolation of 32 P-labeled ␣ 1C subunit in oocytes.
Oocytes were injected with cRNA for ␣ 1C and ␤ 2 subunits (or uninjected as controls), metabolically labeled with [ 32 P]inorganic phosphate, and washed, followed by incubation in the presence or absence of 8-Br-cGMP (1 mM) for 20 min. The anti-␣ 1C subunit antibody was used to immunoprecipitate the expressed protein, which was resolved by SDS-polyacrylamide gel electrophoresis, and 32 P labeling detected using x-ray film. Fig. 8B shows labeled bands for injected cells (lanes 1 and 2) that were absent for controls (lane 3) and of the expected size for the ␣ 1C subunit. There was also an additional labeled band of lower molecular weight that could be a proteolytic breakdown product or an ␣ 1C subunit co-complexing protein. There was no significant difference in extent of labeling of either of these bands in the presence (lane 2) and absence of 8-Br-cGMP (lane 1). Even in the absence of 8-Br-cGMP, considerable phosphorylated protein was detected, which may underlie the inability to detect changes in phosphorylation by this methodology. These experiments were also repeated in the additional presence of the ␣ 2 ␦ subunit, but qualitatively similar results were observed (data not shown).
DISCUSSION
In this study we have examined the molecular mechanism of the effect of 8-Br-cGMP on the calcium channel activity of the rabbit ␣ 1C subunit alone or when co-expressed with ␤ 1 or ␤ 2 subunit in Xenopus oocytes. In summary, we have shown that 8-Br-cGMP inhibits this L-type channel whether or not a ␤ subunit is present and that the abolition of this effect by a protein kinase G inhibitor indicates an action via protein kinase G. Mutation of serines on the ␣ 1C subunit at consensus phosphorylation sites for PKG showed abolition of the 8-BrcGMP effect by mutation S533A (without other effects on channel function) but not by mutation S1371A, indicating that phosphorylation of Ser 533 underlies the functional effect of 8-Br-cGMP. Co-injection of RNA for ␣ 2 ␦ subunit together with the above subunits produced larger currents but showed the same general features as in its absence: an inhibition by 8-BrcGMP for wild type channel and no effect for S533A mutant, indicating that the ␣ 2 ␦ subunit plays no additional role in this process.
Previous studies by others have suggested a role for cGMP and PKG activation in the regulation of Ca 2ϩ channel currents in cells from isolated tissues, such as heart, vascular smooth muscle, skeletal muscle, and nerve (9, 24, 31, (33) (34) (35) (47) (48) (49) . The effects of cGMP are usually, but not always, inhibitory. However, the target and molecular mechanisms have not previously been established, and the present study is the first to investigate molecular mechanisms of the functional effect of cGMP in cloned calcium channels. Biochemical studies have already shown for example that neuronal ␣ 1C subunit can be phosphorylated by PKG in vitro (8) . We have demonstrated here that 8-Br-cGMP has the ability to significantly reduce calcium channel current via an action on the ␣ 1C subunit alone. The PKG phosphorylation site, which we have found at Ser 533 is located on the cytoplasmic linker between domains I and II (Fig. 4) . Interestingly, this position is located very near to the site of binding of the ␤ subunit (around residues 458 -475 of the rabbit ␣ 1C subunit). Intriguingly, it is tempting to speculate that phosphorylation of residue 533 may cause local conformational changes that may affect binding or function of the ␤ subunit. This might be expected to lead to a shift in the I-V curve by 8-Br-cGMP given the shift in the I-V curve that the ␤ FIG. 5. Effect of 8-Br-cGMP on calcium channel currents for the S1371A ␣ 1C mutant. A, calcium channel currents are shown during perfusion of oocytes expressing S1371A mutant ␣ 1C and ␤ 2 subunit with (q, initial current Ϫ0.223 Ϯ 0.072 A, n ϭ 5) or without 8-BrcGMP (1 mM) (Ⅺ, initial current Ϫ0.24 Ϯ 0.10 A, n ϭ 4). Currents were produced by depolarizing pulses to ϩ10 mV from a holding potential of Ϫ80 mV every 10 s. Peak current amplitudes were normalized to the value at time 0. Currents were significantly reduced when compared with the value before application of 8-Br-cGMP or with time-matched control (p Ͻ 0.05). B, mutant calcium channel currents are shown for the action of 8-Br-cGMP (1 mM) applied as indicated by the bar in oocytes treated with KT5823 (1 M) for at least 15 min before as well as during the application of 8-Br-cGMP (ࡗ, initial current Ϫ0.362 Ϯ 0.046 A, n ϭ 4). Depolarizing pulses to ϩ10 mV were applied from a holding potential of Ϫ80 mV every 30 s. There was no significant effect of 8-Br-cGMP in the presence of KT5823 as compared with initial values. C, this shows I-V curves for mutant S1371A ␣ 1 and ␤ 2 currents before (E, n ϭ 5), and 10 min after (q, n ϭ 5) application of 8-Br-cGMP. The I-V curve for the wild type ␣ 1C ␤ 2 currents, reproduced from Fig. 3C (OE, n ϭ 12), is included here for comparison. Currents at each test potential were normalized to the value obtained at ϩ10 mV for each oocyte. There were no significant differences between any of the corresponding points on the I-V curves. subunit produces; however, no such shifts in I-V curves were obtained by the action of 8-Br-cGMP, possibly arguing against such a mechanism. However, our data did hint that the effect of 8-Br-cGMP was reduced in the presence of the ␤ subunit (as compared with the ␣ 1C subunit alone), but experimental scatter obtained for the small currents produced by ␣ 1C alone did not allow us to substantiate this.
Our data therefore indicate that it is PKG-dependent phosphorylation of the ␣ 1C subunit that leads to functional effects rather than phosphorylation of the ␤ subunit. However, there are consensus PKG phosphorylation sequences on the ␤ subunits (39) , and in vitro phosphorylation of the ␤ 1 subunit by PKG has been demonstrated (38) , but this seems not to involve effects on calcium channel function. Furthermore, the effects reported here of 8-Br-cGMP were similar whether the ␤ 1 or ␤ 2 subunit was present (as well as the ␣ 1C subunit); differences might have been expected if phosphorylation of the ␤ 1 subunit had been involved, given the different potential PKG (consensus) sites on the two ␤ subunits used in the present study.
Although the effects of 8-Br-cGMP in the present study were not large, they were always reproducible, as could be most clearly seen when currents had been increased severalfold by ␣ 2 ␦ subunit expression. Furthermore, our results were consistent in that no run-down was observed in control experiments without 8-Br-cGMP. We have also shown that in oocytes injected with ␤ 2 subunit alone, the calcium channel current (which arises by association with endogenous ␣ 1 subunits) is insensitive to 8-Br-cGMP. For oocytes injected with ␣ 1C and ␤ 2 subunits, currents were approximately three times larger than for oocytes injected with ␤ 2 alone. This suggests that, although appreciable endogenous current would be present in cells injected with ␣ 1C and ␤ 2 subunits, this would not contribute to the 8-Br-cGMP action but would in fact have the effect of making the inhibition appear smaller than it actually is. Even taking this into account, the extent of inhibition by cGMP in oocytes is still somewhat smaller than that observed in native cells, e.g. cardiac (31, 35, 48) and neuronal cells (49) . One possible reason for this could be the fact that the magnitude of the effect of cGMP in some native cells is dependent on resting phosphorylation levels by cAMP (35, 48) , with decreased resting cAMP-phosphorylation leading to decreased effect of cGMP. However, this mechanism may not entirely account for the smaller effect because resting cAMP-dependent phosphorylation is high in oocytes (26, 42) . Another possible explanation for the smaller currents in oocytes may be the requirement of additional proteins (absent in oocytes) for the full effect of cGMP. Indeed, in the case of PKA-mediated phosphorylation of calcium channels, it is known that protein kinase A anchoring proteins are additionally required in heterologous expression systems to observe the full regulatory effect of cAMP/PKA (28, 50) . It is therefore conceivable that similar anchoring or regulatory proteins may be necessary for a full cGMP/PKG effect. Other mechanisms are also possible as explanations of the smaller effect in oocytes, such as the possibility that PKG levels are low in oocytes (51) .
Although our electrophysiological data strongly imply that the molecular mechanism by which cGMP regulates the cardiac L-type Ca 2ϩ channel is indeed phosphorylation, the low expression of calcium channels and the small extent of the cGMP effect make biochemical studies of cGMP-dependent phosphorylation difficult. Here we have used [
32 P]inorganic phosphate labeling of oocytes expressing the channel, together with immunoprecipitation using anti-␣ 1C antibodies. We were able to observe high levels of resting phosphorylation (in agreement with other studies (26, 42) referred to above). However, this high basal phosphorylation level (presumably including phosphorylation by PKA, PKC, and other kinases) made it impossible for us to detect the small additional cGMP dependent phosphorylation. Nevertheless, the electrophysiological studies of channel function reported here are clearly more sensitive and have led to strong support for a cGMP-dependent phosphorylation mechanism.
The inhibitory effects of cGMP via phosphorylation by PKG of the cloned L-type cardiac ␣ 1C subunit are supported by similar reports for isolated cardiac tissues (24, 31, 34, 35, 48) and indeed also for L-type calcium channels in vascular tissues (9) . The sequence alignments shown in Fig. 4 indicate the presence in the ␣ 1D subunit of a serine residue (at amino acid 502 in the human ␣ 1D ) correspondingly positioned to 533 in the rabbit ␣ 1C subunit. Therefore, we would speculate that this could also be a PKG phosphorylation site in ␣ 1D and that this neuronal L-type channel could therefore be under the regulatory control of cGMP via protein kinase G. Indeed an inhibitory action has already been reported on a neuronal (rat pinealocyte) L-type channel via PKG (49) . Although skeletal muscle ␣ 1S subunit is L-type, it lacks the serine residue corresponding to 533 of ␣ 1C (Fig. 4) , suggesting that inhibitory cGMP action via PKG does not occur. Interestingly, for calcium channels in isolated skeletal muscle tissues, cGMP produces an increase rather than a decrease in calcium channel currents, presumably via phosphorylation elsewhere or via an unrelated mechanism (52) . The remaining sequences shown in Fig. 4 , ␣ 1A (P/Q-type), ␣ 1B (Ntype), ␣ 1E (R-type), ␣ 1G (T-type), and ␣ 1H (T-type) do not have the corresponding consensus sequence around Ser 533 of ␣ 1C (indicating absence of PKG effects at this site), but other consensus sites for PKG phosphorylation are present, so further investigation of possible regulation by cGMP of non-L-type channels would be interesting. Existing data from isolated FIG. 6 . Effect of 8-Br-cGMP on calcium channel currents for the S533A ␣ 1C mutant. A, calcium channel currents are shown during perfusion of oocytes expressing 533A mutant ␣ 1C and ␤ 2 subunits with 8-Br-cGMP (1 mM) (q, initial current -0.184 Ϯ 0.069 A, n ϭ 5). Currents were produced by depolarizing pulses to ϩ10 mV from a holding potential of Ϫ80 mV every 30 s. Peak current amplitudes were normalized to the value at time 0. Currents were not significantly changed as compared with initial values. Where not shown, error bars are smaller than the data point. B, this shows I-V curves for mutant S533A ␣ 1 and ␤ 2 currents before (E, n ϭ 15) and 10 min after (q, n ϭ 3) application of Br-cGMP. The I-V curve for the wild type ␣ 1C ␤ 2 currents, reproduced from Fig. 3C (OE, n ϭ 12) , is included here for comparison. Currents at each test potential were normalized to the value obtained at ϩ10 mV for each oocyte. There were no significant differences between any of the corresponding points on the I-V curves.
tissues for non-L-type channels are limited, although it does appear that T-type channels are not regulated by PKG (9) . Furthermore, as reported in the present paper, currents in oocytes injected with ␤ subunit alone showed no sensitivity to 8-Br-cGMP, consistent with the reported nature of such endogenous oocyte channels as N and T type (46) .
Calcium channels can also be regulated directly by G proteins (G␤␥ subunits). The calcium channel ␤ subunit binds to a region on the ␣ 1 subunit (53, 54), which overlaps with the binding region for G proteins, and it might at first sight be thought that phosphorylation at the nearby Ser 533 site could affect G protein binding/modulation. However, this interaction may not occur in practice; L-type channel ␣ 1C subunits do not possess a G␤␥ binding site (55) , and the other types of channel do not possess the PKG consensus sequence pattern shown in Fig. 4 at the ␣ 1C Ser 533 site (although weak PKG consensus patterns are present elsewhere).
Our conclusion that protein kinase G causes its functional effect via phosphorylation of the ␣ 1C subunit rather than the ␤ subunit complements other studies (25) (26) (27) (28) that have shown functional effects via the ␣ 1 subunit of PKA and PKC. The activation of PKA by cAMP leads to increases in calcium channel currents in cardiac muscle, specifically by phosphorylation of residue Ser 1928 in the C terminus of rabbit ␣ 1C subunit, but residue Ser 533 (found here as the site for PKG-dependent phosphorylation) was not a target for functional effects of PKA-dependent phosphorylation (26, 28) . The activation of PKC can lead to an increase followed by a decrease in current (25, 56, 57) ; for rabbit ␣ 1C the N terminus is crucial for the increase (but not for the decrease) in current. On the other hand for ␣ 1A or ␣ 1B subunits, PKC phosphorylation may occur at the I/II linker region leading to increased currents; interestingly, in addition PKC activation leads to decreased effect of G proteins, which, as already mentioned, also bind to the I/II linker in ␣ 1A or ␣ 1B subunits (53, 54) , reminiscent of a similar possible inon these I-V curves. C, this shows the effect of 8-Br-cGMP on calcium channel currents in cells expressing the ␤ 2 subunit alone. The same protocol described for A was used. Currents were not significantly altered by 8-Br-cGMP. The initial current before application of 8-BrcGMP was Ϫ0.084 Ϯ 0.012 A (n ϭ 3).
FIG. 7.
Effect of 8-Br-cAMP on calcium channel currents for oocytes expressing ␣ 1C /␤ 2 with ␣ 2 -␦ subunits and for the ␤ 2 subunit expressed alone. A, calcium channel currents are shown during perfusion of oocytes expressing wild type (f, initial current Ϫ0.86 Ϯ 0.17 A, n ϭ 3) or the S533A mutant (ⅷ, initial current Ϫ0.90 Ϯ 0.07 A, n ϭ 4) with 8-Br-cGMP (1 mM). Currents were produced by depolarizing pulses to ϩ10 mV from a holding potential of Ϫ80 mV every 10 s. Peak current amplitudes were normalized to the value at time 0. Currents for the wild type subunit were significantly reduced when compared with the value before application of 8-Br-cGMP or with the time-matched current recorded from S533A injected oocytes (p Ͻ 0.05). 8-Br-cGMP had no significant effect on currents recorded from the S533A injected oocytes. The inset shows typical current traces recorded from an oocyte injected with wild type ␣ 1C , ␤ 2 , and ␣ 2 -␦ subunits before and during application of 8-Br-cGMP. B, I-V curves for the wild type ␣ 1C , ␤ 2 , and ␣ 2 -␦ subunit currents taken from the same cells shown in A, before (Ⅺ) and during (E) application of 8-Br-cGMP. Currents at each potential were normalized to the value obtained at ϩ10 mV for each oocyte. There were no significant differences between any of the points (lanes 1 and 2) . Two days after injection, cells were incubated with 32 P i followed by incubation in the presence (lanes 2 and 3) or absence (lane 1) of cGMP. Cells were lysed, and proteins were immunoprecipitated using anti-␣ 1C antibodies, and resolved by SDS-polyacrylamide gel electrophoresis. Labeled proteins were visualized by exposure to x-ray film. Two predominant labeled bands were detected in the injected cells, and one band corresponds to the expected ␣ 1C subunit size.
teraction between PKG and the ␤ subunit at this region in ␣ 1C (see above).
In conclusion, we have demonstrated here inhibitory effects of 8-Br-cGMP on cloned L-type cardiac channel currents via activation of protein kinase G and the implicated phosphorylation of the ␣ 1C subunit at position Ser 533 . The widespread role of cGMP in the regulation of cardiac and vascular smooth muscle L-type calcium channels is apparent, but the possible role of cGMP as a modulator of neuronal non-L-type calcium channels is largely unexplored.
